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Preface

The topic for this thesis was suggested by Captain Randall Gressang
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by the pilot.

I wish to express my appreciation to Captain Thomas Moriarty, my
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Abstract

A control system was designed to improve the heading response of
the Air Cushion Landing System aircraft to differential thrust input.
The pilot can then control the uircraft in & more cffective manner
while taxiing in gusting crosswinds. The aircraft equations of motion
and low speed stability derivatives were obtained from work done at
the Air Force Flight Dynamics Laboratory at Wright-Patterson Air Force
Base, Ohlo. PFive dlfferent values of engine response time-delay were
selected for the design study. 'These time-delay values were 0.2, 0.4,
0.6, 0.3, and 1.0 seconds. The principle used for the design was to
compenpate the system ignoring the time-delay and then to compensate
for the time-delay. A two stage lead network was used to reduce the
effect of the engine time~delay. The system was simulated by using
a d'gital computer program ceil«d MIMIC, which simulates the functions
of an analog computer. The average mean square error was computed for
the system with and without the control indtalled, for each of the
five time~delay values, In all cases, the average mean square error
was reduced approximately TO¥ by the addition of the compensator. The
deslgn procedure was based on the Crossover Model for the human pilot

as developed by Bywtems Technology Incorporated of Hawitbnrne, California.
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A DIFFERENTIAL THRUST CONTROLLER
FOR

AIR CUSHION LANDING SYSTEM AIRCRAFT

I. Introduction

Background

Alrcraft dependence upon the wheel for ground operation has often
presented great problems, especially wiih heavy aircraft, The surface
used for taking~off, landing, and taxiing has to be strong enough to
accept the large force exerted by the amall area of tire contact. This
causes considerable expense in aijrfield construction and reduces the
mobility of air forces. Also, the wheels have to be attached to the
aireraft with strong structures, adding considerable weigut.

A solution to this problem has been sought for the past five or
six years, in the form of the Air Cushion Landing System (ACLS). This
apparatus is a replacement for the conventional landing gear. The main
plece of equipment is an oval tube, called the trunk, vhich is attached
to the bottom of the aircraft fuselage. An aux’'liary engine on the
ajreraft fills the trunk with air and forces the air out through holes,
located on the bottom and inside of the trunk. As a result, an air
cushion is created between the trunk and the surface of the ground. In
thie way, the weight of the aircraft is evenly distributed over the total
aree of the air cushion, resulting in a lower ground contact pressure
than is ponsible with tires in the same amount of ground area. The
aircrart is then able to taxi over very soft surfaces, such aas dirt
and mud. The idea for this system came from the hovercraft. a water

vessel designed in the 1950's in England.

1
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{ The Bell Aerospace Company of Buffalo, New York has designed and
flown an ACLS on a singlc-engine aircraft, Tests with this syatem
revealed that it was possible to go over mud, ditches, small tree
stumps, and other objects that would have stopped a wheeled vehicle.
Also, taking-off and landing on unimproved strips was possible. The

succesnful use of an ACLS ¢n a small aircraft has paved the way for

i further development.

The Air Force Flight Dynamics Laboratory at Wright-Patterson

g Air Force Base is presently involved in the testing of a twin-engine

é aircraft, equipped with an ACLS. This aircraft is a Canadian "Buffalo"
: and is designated the XC-8A by the U,8, Air Force. Through scale model

testing, and computer runs with a mathematical model, the design has

e g

been accepted for flight, and the aircraft is presently undergoing an
extensive flight testing program. The XC-8A is an important step in
the development of the ACLS for use on other and larger military

aircraft.

Problem

A problom that has been discovered in the testing 1s the suscep-

tibility of the aircraft to movement in crosawinde while taxiing.

Since there is no tire contact to give directional stability, the air-
eraft can easily be blown about by light to moderate winds. The initial
solution attempted was to install exhaust ports on the outer sides of
the trunk. These exhaust holes, also called puff ports, can be individ-

ually controlled by the pilot, to push the airceraft in one way or

ancther. However, the forces from the puff porta are only adequate in g

(, a very light wind,

n
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As & result of the directional control problem, attention wan
turned to a powerful source of yaw control, differential thrust. The
potential difference in thrust between the two engines is the greatest
source of low speed yaw moment in the XC~-8A (Ref. 5:150). The engine
thrust can be changed, or even reversed, by changing the pitch of the
propellers and/or the thro:tle setting. Since many silrcraft are steered
on the ground by movement ¢f the rudder pedals, it would be natural
to contrel the differential thrust by movement of the rudder pedals.
However, the time-lags associated with the engines and the pilot, and
the large inertia of the taxiing aircraft, dictate the need for a

compensation system in the differential thrust controller.

Objectives

It wen desired to deslgn a control system that would improve the
airc. \ft heading response to the pilot's input, with s random heading
disturbance due to the wind. It was also deslired to test the system

with and without the controller to determine the improvement ohtained.

Approsch

Developing an adequate model for the engines and the aircraft
was the first important part of the project. Then the design portion
wes accomplished using classical control theory and the well known
Crosnover Model for the pilot. It was assumed that future application
of the ACLS will be on jet-powered aircraft, where the engine time=luge
are higher than on the conventional-powered XC-BA. ‘'herefore, larger
lags than the one associated with the XC-8A engines were considered

for further design purposes. The simulations of the controlled and




‘ original system vere performed on a digital computer, using the MIMIC
pimulation language, which 18 a means of performing analog type sim-
! ulations by digital techniques. MIMIC war used because the program
was easier to set up than an analog program, and the time-lags were
- | more accurately simulated on a digital computer than on an analog,
| where a Pade approximation would havs to be used. Finally, a mean

square error analysis of the systen was perfcr. 1,
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[ II. The Plant Model

R M R e P e

: As a preliminary to modeling the aireraft and its englnes, it

was neceasary to determine how the pilot interamcted with the aircraft

in the taxi problem. Much thought and research was dedicuted to this

fundamental task and the resulting block dimgram can be seen in Fig. 1.
Waile the pllot 1s taxiing the aireraft, he is involved in a

multiloop task. There are two loops, one in which the pillot is con~

§ % trolling the heading of the alrcraft (¥), which is referenced to the

: direction of the taxiwaey, and a second, outer loop in which he is

controlling the aireraft distance from the taxiway centerline (y).
Each loop has a random input disturbancs crused by tha wird, Tha

theme for this multiloop approach came from two sources, Keferences

19 and 21, in which the pilot controls the pitch of an alreraft and

the distance »ff the glide slope while on an instrument approach.

An analysis of the complete multiloop task was beyond the scope
of this thesls; hovever, it was believed that when control of heading
in the inner loop ie optimized, the outer loop response will be satis-
factory. Therefore, the inner loop was investigated and a controller
designed to improve 1¢s characteristics.

The block dilagram of the heading eontrol loop can be seen in ¥Fig.
2, where the task appears as a regulator control problem and the come
manded heading (Wc) will be zero. This block diagram is topologically
equivalent to the block dlagram shown in Fig. 3. If the portion of

the block diagram inaide the broken line in Fig. 3 is considered, the

problem becomes a compensatory tracking task and can be analyzed by

the Croasover Model theory presented in Chapter IV,

P
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Fig. 3 Block Diagram of the Heading Control Loop as a f
Compensatory Tracking Task
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Engines
The first part of the plant to be studied was the engines. The

engines receive their input, called the power lever angle (PLA), from
the power levers, which control thrust. In the lower thrust ranges,
used vhile taxiing, the thrust ieg changed by a combination of changing
both power and the blade angle of the propellers, The blude angle of
the propellers is changed by the beta control mystem, which is a modw
ification ol the original engine control. The engine output is thrust,
vhich converts diresctly to yawing moment (NE) by multiplying thrust
timen the distance of the engine from the aireraft center., Therafore,
the transfer function needed for the engines is NE/PLA.

As mentioned, the engines on the XC-BA huve a betn (propeller
blade incidence angle) control system. This is a modification of the
original engine control and was incorporated because the original
control gave only a groes, stepped variation of thrust at the lower
power wetting, The installation of the ACLS ow the airceraft dioctated
the need for a vernier adjustment ol thrust while taxiing. One result
of adding the beta control system wag the reduction of the pure time=
delay of the engine response to about 0.2 second. This is considered
Lo be a very low delay time, as the delay times for turbojet mnd turho-
fan engines ere on the order of one second. (Thie time-lag information
wad obtained from discussions with Dr. George Kurylowioh and with
Mr. Ellsha Rachovitéky of the Alr Force Flight Dynamics Laboratory,
Wright=Patterson Air Force Base)., Bince larger delay times may be
encountered in future ACLS alroraft, it was decided to perform the

design study for values of engine responee pure time-delay of 0.2,
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0.4, 0.6, 0.8, and 1.0 seconds. In the ground-based simulation of the
X0-8A with Air Force test pilots, the differential thrust control was
simulated by a direct mechanical hookup from the rudder pedals to the
power levers, The engine responsge time~delay was varied, and when it
was increased to one secund, the pilots could not effectively control
the simulntor while taxiing (Ref. 10).

The remainder of the engine dynamics were simulated, in this
report, as a firat order leg., From the thrust-versus-time response
curve of Fig. M, it appears that the thrust response to a step input
of PLA {3 vel, approximated by a firsty crder lng with a time constant
of 0.9 second, Both the thrust response and the iceal flirst order
lag curves are drawn for comparison, The maximum steady-state thruast
of 2000 jounde im used because thim is the limit of the beta control
aystem and is cvonaldered sufficlent for taxi purposes, The maximum
amount of yawing mowent that cun be obtained from i 2000 pounds of
thrust ios 6%,000 foot-pounds (Ref. 5:151)., Therefore, the ocomplete

engine tranafer funotion is

N« 069,697 o78'a

PLA 1+0.90 (1)

where NE i in foot-pounds, PLA 18 in degreem, and L ip the engine

response pure time-delay.

Afreraft
The airoraft model required the use of many englneering approxi«

mations. 'The effect of the vertiocal mtabiliwer on the yaw moment,

9
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due to the CN and CN stability derivatives, was the only aerodynamic

R 8
effect considered. This assumption is Justified by the low taxi speed.

The aerodynamic effect considered was necessary because it accounts
for the heading input disturbance., There is one aserodynamic effect
neglected which may have some significance, the rolling moment ceused
by propeller wash over the wings., It was assumed that this can be
eliminuted, if undesirable, by means of automatic spoiler or aldleron
control. I% was also assumed that the pilot keeps the forward speed
of the aircraft constant at twenty knots (33.78 feet/second) by con-
trelling pover and brakes. (The brakes are expandable pillows on the
bottom of the trunk, with attached skid pads). Finally, the yaw
moments due to the brakes and the puff ports were neglected.

Wita the necessary assumptions made, the model for the aircraft
can be derived. The model must account for two inputs and two outputs,
80 each input/cutput pair will be discussed separately. The engines
deliver a yaw moment input to the aircraft, which is converted into
aireraft heeding. The model for this conversion process ip a simple

inertia transfer function:

E I 82 (2)

whoere WE is the heading due to the engines and Izz is the moment of

inertia about the aircraft z-axis.

11
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Vol The other input to the aircraft i3 the wind disturbance, and the
P eerodynamic effect of the wind on the heading of the aireraf. is
| mainly due to the vertical stabilizer. The geometry of the wind
effect probiem can be seen in Fig. 5. The following equation accounts

for the yaw due to wind:

N
<o

2
L Nw = 1 pVeSDb CN B + CN

R (3)

vhere p is the atmospheric density, § is the wing area, b is the wing-
span, and R is the yaw rate. The relative wind velocity is found from

the relationship

V = vZ + v2 (W)

X Y

where Vx and VY are the relative wind velocities along the X and Y

aircraft exes, and the sldeslip angle is defined as

v (s)

Substituting equations (L) and (5) into (3) ylelds

R
N. = % pSb /v + v C.V, +C,_b=
W \/x Y NBY Ny 2 (6) |
and since l
By = Izsz (1)

12
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Fig. 5 Wind Effect on Texiing ACLS Aircraft
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and

R=Y¥ (8)

(assuming zero roll and pitch), then

W 2 2 2 24
Latw = KiVyy/ Vit Vy 2 K/ Vg * V§Y (9)

vhere K, = 35 nSbC, and K, = ¥ prch .

N R

From the geometry of the problem in Fig. 5,

Vx = 33,78 cos Ww + V8 8in Wu

V, = =33.78 sin Ww + VB cos Vw

Y (10)

Assuming that the heading angle will be kept smmll by the pllot, the

small angle approximations can be applied and (10) becomes

Vx w 33,78 + VBWW

vy = -33.78 v + vg (11)

It is deaired to linearize equation (9) by a Taylor Series expansion.

The opergting point is defined as vgo-wwo'wvo-vwo- 0 and, us a result

of (11), Vo™ 33.78 and V.= 0. When equation (l1) is substituted

YO
into (§), the result is of the form

LY, = T, VyVy) = aly, w.vs) (12)

14
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The Taylor Berles expansion is

v _.&_ -
Lot E(WVO wo' go) * 3? (ww wwo) *

i
» ' & - oK
i 3. \ww ¥, ) * 5y (vB - vgo) + H.0.T.
| . 8 L]
wo'vwo'vgo o‘wwo'vgo
(13)

and, by the Chain Rule,

S I A et A o e = ¢ a4

L8,
i 3, 3, (1)
; av v
¢ oW (15)
w X w Y v
| g . o Vx o, s Wy
BVg BVx BVE BVY av g (16)
- At the operating point: 3%— = 33,78 X, , A . 0, L S 33.78 K,,
2° 9V V. 1
v X Y
w
avy BVY 3 3
3%~ " -33.78, and E £ = 33.78 %, = =-(33.78)%,
w 13 w 4
v L
|
and %e- = 33,78 K,. Ignoring the higher order terms (H.0.7.), the |

8
Taylor Serles expansion about the operating point becomes !

. - . - " 2
C LYy = 3378 Ky - (33.78)2K,v, + 33.78 KV, (17)

15
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When equation (17) is put into uvransfer function form and the parumeteor

values from Fig. 6 are substituted, the result is

o 0.0007518
vs 82 + 0.07568 + 0.0254 (18)

The aireraft acts as a second order filtar, with a damplng factor of
0.24 and a natural frequency of 0.16 radian per second. These numbers
agree vith the damping factor and natural frequency of the Dutch Roll
mode for the same stability derivatives, which serves am a good check
on the mathematics., The block diagram of the plant model, with numer-

ical values inserted, can be seen in Fig. 7.

16
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Engines: 2 x GE/T6LW-1l
2 x UCAL ST 6-73 (for ACLS)
Propellers: Ham. Std. 63-B60-15, 3 bladed, 1L.5 ft. dianm.
Wing Avea: 9ls5 s8q. f't.
Wing Span: 96 ft.

¢! 10.3 ft.

Weights: Max. Takeoff 41,000 1b. (structural limit)
Max. Landing 39,100 1b., (structural limit)

Low Speed Stability Derivatives (Ref. 12)

CN = - (.22 C, = 0.105

R N
Inertis (41,000 pound A/C, 41.5% ¢)
I, " 5086L2.0 slugs ft2

Sea Level Air Density

p = 0.00237690 slugs/ft3

Fig., 6 Relevant Data for the XC-8A Model

Alrcraft

Wind 1;* 0.0007518

82 + 0.0756s8 + 0,025k

Engines Aircraft

. -8Tg
PLA __;’ 1969.697e E N 1 E

1+ 0.9 508642,082

Fig. T Block Diaegram of the Plant Model
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ITI. The Wind Model

vl The wind model accounted for the only disturbance to the plant
and was used to detcrmine the effectiveness of the controller. Many

different wind models were found in a literature search, among them

the well-known vonKarman and Dryden wind models, but they were all

functiunse of the aircraft sprmed. These models all assume the aircraft

to be flying ihrough a gust field which is frozen in time and do not

apply very well to a taxiing aircraft, where the gust effect is from

R e

a combination of tempcral and spetial fluctuations., BSince a model for
this was not available, and there was not sufficlient time to collect
data and analyze it, the wind was approximated as s band limited white
nolse, with a bandwidth of one radian per second. Band limited white
; (u noise is defined to be a nolse with a constant power spectral density

(PSD) over a finite range, as seen in Fig., 8. The exact cutoff fre-

? quency was not critical as long as it was high enough, since the noise

was cut off at a much lower frequency as & result of flltering by the

aircraft, This lower cutoff frequency was based on the assumption
that no structural vibrations were to be modeled.

The wind was assumed to be blowing across the taxivay and con=
sisted of the gusting effect only. The steady component of crosswind

was not consldered important to the problem as the pilot could sense i

it and apply & steady correction. However, it does affect the dynamics
of the aircraft response by changing the coefficients in equations (13)

and (18). As the steady component of wind increeses, the gust effect

on the aircraft decreaseg and the aircraft response becomes overdamped.

18
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(ﬁ AN 8lw)

!r

[

§ - +0)
2 € >
| -

Ly Wy w, = 1.0 rad/aesc

i Fig. 8 Power Spectral Density of the Wind Model

Bince this is an lmprovement over the lightly damped case, 1t was

decided to eliminate the steady component of crosswind and design for

k
f the worst case, Thus, & mean of zero wae selected for the wind gusts.

The deteymination of the variance presented a more difficult problem.

( Since the aircraft was restricted from flying when the wind guats

exceeded a certain level, the intenaity cf the maximum gusts encountered
was under human control. Assuming that the average gusts encountered ;
would be ten knots, or t five knote asbout the mean, a standard devia- 7
tion of five knots {8.45 feet per second) waa selected for the wind,

and the resulting power spectral density can be seen in Fig. 8. The

calculationa for this figure can be found in Appendix D.

19
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IV. The Pilot Model

tackrround
In order to analyze Lue hezading control problem und then to design }
a control system to correct 1t, {4 war necessary to have & model for

the pilot in the inner control loop of Fig. 1. Extensive documentation

was found on the pubject of pilot modeling, especially in references ﬁ
13, 14, 15, and 16; and the bibliography in reference 16 provided a
good source for a literature search. The model selected was the moat
widely accepted one in the field of control systeme engineering, the
Crossover Model, 8ince no deterministic method was found to write
down a mathematical model for the human pilot, many engineering Judgments
had to be made in the selection process. The design and final analysis
of the design were based on thase judgments, which could not be vali-
dated by experimente with humen pillots, due to lack of time and
equipment.

The Crossover Model was derived from a quasi-linear representation
of the non-linear, time-varying human pilot. The pilot can be repre=-

pented over a wide range of frequencies by a transfer function plus

a remnant. One form of the transfer function is (Ref. 16)

TLJw+ 1 TKJw* 1

e

1
w1 \Tdut 1 (TN‘,N+ ])[(.m)* +(ff.fl) Ju+ 1]
N “n

(19)

.-Jwr

= K

vhere KP u gain

=-Jut » fixed time=-delay due to conduction time of
¢ various subsystem elements \

20
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?Lm"+ 1 = gqualization characteriasticy TL and TI
TIJw+‘1 values depend on form of controlled elemant
TKmi:_}_ = terms which are used to describe very iow

, . TkJm-ﬁ 1 frequencey phause data

and the term in brackets accounts for neurrmuscular system elements,
Thie 1s called the precislon model and nccounts for the major sub-
systems in the behavior of the pilot., The varinbles can change from
one person to the next and can even chnnge for the wvame person at a
single task ap fatigue, boredom, motivation, and other human taciora
change.

The remnant is a term used ‘o wceount for the difference between
the outpiut of the human pllot and the cutput of the model. It is
represented by a power spectral dennmity of a nolse injected into the
system at the pilot's output, and im momtly cauned by non=linear,
time-varying pilot boehavior, The remnuant term has been refined over
the years but is still difficult to model, 1In this project, the
remnant was not considered important at the frequencles of intereat

(about one to five radians per second).

The Crossover Model

Ll ™

The Crossover Model, as discussed here, applies to the compenmatory
I tracking tesk, as seen in block diagram form in Fig. 7. In the com=
pensatory task, the pilot receives a visual signal, equivalent tc the
difference between the forcing function and the output of the controlled

element, and attempts %o minimize this error signal. For the Crossover

21
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Foreing Pilot — Ilement, »
Funetion YP Yc
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Fig. 9 The Compensatury Tracking Tomk

Model to be valid, the forving funotion must be a random appearing
input and the signal to the pilot must Lo visunl., The effects of other
pilot oues, such as motion, have been studied elsevhers (Ref. 18),

By experimental uvbservation, the charscteristice of the open loop
tranafer functlon of the cumpenmsatory system have buen found to be
similar tor muny different controlled elements., The open locp log-
magnitudo~versus-log~froquency (Bode) diugrams all have m straight
line with a slope of minun twenty decibels (db) per deoade in the
region whers the log magnitude crouses the rero db point. This 1w
where the term "Crossover Model" originates. In other words, in the

crossover reglon of frequency, the open loop tranafer function im

PC » (20)

where w, 1s the orossover frequency and 1 is the tine delay due to
both the pilot and the controlled element, It is obvious that the

Crossover Mudel of the pillot is dependant on the form of the con-

trolled elmmont,
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When the eontrolled element trannfer function is known, the

model for the pilot in the crossover reglon ¢an be found from

LA™ ]
w @ Yo

Y W s Wt i omcmtanis

P aY (21)

C

vhere L igs the time-delay amsoolated with the pllot und any timn-
delayns in the controlled element are not considered, This {s cawmily
done mathematically, but the pilot is not capuble of efficiantly
bevoming a seaond order derivative or higher. When he is muked Lo do
#o, hin opinion of the vontrolled element nerlously deteriorates,
This opinion cun be objectively rated un a meale from one to ten,
onlled the Cooper«ilarper Bowle, which is well known to test pilote
and alroraft dealgn engluowren an o bapln for rating the hundling
qual {1t dmn of kirorat (Mg, 10),

The pllotts Lime delay 1 dopendent on the controlled olement
and on the foroing function bandwldth, This time delay lo diffieult
to ovalunte deterministioally an [t can be lmproved with tratuing
and varies with different people, However, it can be predioted with

resscnable mcouracy by (Ref. 13)

g % 1, (Vo) = At luy) (20)

vhare L depends upon the controlled element and AT. depands upon the

foroing function bandwidtih, W, « The twrm At. i8 approximately 0,04 wye

23
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{ Pllot Demands on the Pilot Aircraft €
Rating Charaoteriatics

1 Pilot compennation not a factor Excellent
for desired performance Highly desirable

2 Pilot compennntion not n factor Good
for deulired performance Negligivle deficlencios

3 Minimal pilot compenmation Fair - Bome mildly
required for desired performance unpleasant deficiencies

" Desired performance rajuires Minor bui annoying
moderate pilot compansution deficiencien

5 Adequate performance reguires Moderately objectionable
considerable pilot vompensation deficiencien

6 Aduequate performance reguires Very objectionable but
extensive pllot componsation tolerable deficiencien

7 Adequute performance not Major deficiencies
witninable with max!mum
tolerable pilot compensation,

( Controllabllity in question

2] Contiderable pilot compensatiuon Major deficlencies
i required for control

9 Tntende pilot componsation is Major deficiencies
required to retaln control

10 Control will be lout during Major deficiencioes
#some portion of required
operation

Fig. 10 Cooper=Harper Handling Qualities Rating Boale

The orossover frequency is another gubjective variable., It ia

estimated as (Ref., 13)

O

[

2l

w = wuo(Yc) + Amo(u

(23)




(’ To a first approximation, ch i1s zero for the forms of controlled
elements found in airecraft, and W, can be found from the condition
for a neutrally stable system at the crosgover frequency, with no
iuput. The equation is

g (2k)

' co 2

vhere v i8 the asum of Ty and the controlled element time-lag, if

there is oOne.

The ACLS Pilot Model

As peen in Fig, 5, the controlled element for the ACLS aircraft
in

L
o 0.00h3 8~ &

: Y
( C a2 (g+1.111) (25)

This is a very Wifficult element for the pilot to control. He has to

generate & transfer function of the form

Yp = K, e %Te g(s+1.111) (26)

it .

in the crossover region. This means that the acceleration channel of

the pilot is activated, causing hisg zero input time-delay (to) to be

about 0.8 mecoud (Ref. 16:26) and the Cooper-Harper rating to be

B A

extremely high (about nine or ten, Ref. 16:37). The pilot rating alone
] is sufficient reason to reject the controlled mlement as undesirable,
Since it 18 only m subjective measurement, the system was unalyzed
(:“ from the Crossover Model theory.
25
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The loweat value of the controlled element time-delay was 0.2
gecond. Adding this to the o value of 0.8 second and using equation
(24), the crossover frequency was found to be 1.57 radians per sacond.
The crosscver frequencies for the other controlled element time-~-delays
of 0.4, 2.6, 0.8, and 1.0 seconds were 1.31, 1.12, 0.98, and 0.87
radians per seccnd, respectively. According to reference one, a
realistic value of crossover trequency for handling qualitles conside
erations 18 about 2,0 ¢ 0.5 radlans per second. Thus, the crossover
frequency of the system 1s lower than deslred, Also, tha lower crosg-
over frequency veuses 8 higher system rms error as che error is

inversely proportional to the oquare of the crorsover freguency

(Ref. 16:15).

Q6
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V. Control System Deajpgn

Design Philosophy

The control system design was based on the idea that the form of
the controlled element determines the pilot's describing function.
Also, it was desired to reduce the engine time=-delay as much as posaible,
A general formula for the pillot's describing function in the crossover
region 1is
- Ky o 3Te 3&'.'..:1

T 8 +1 (27)

vhere TL and TI are the amounts of lead and lag that the pllot must
generate to compensate for the controlled element dynamics. The lead
(TL) is the guantlty which has the most effect on the pilot's opinion
of the system. A roasonable maximum for TL is five meconds and a
graph showing the effect of lead genaration on the pillot opinion
rating is seen in Fig., 11, The pilot rating monle referred to iuw the

ons shown in Fig. 10,

5 4
. =3
3« =

N

==

1 2 3

Rating Decrement

Fig., 11 Rating Decrement Due to Pllot Lead us Inferrmd Crom
Hundling Qualities Tests (Ref. YW iRUT)
(Open ourve due to unveriainty of Th

21
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According to Ref, 1, the best handling qualities are obtained
when the velue of EL is less than about 1.5 seconda, It was derided
to make the value of TL for this deningn study equal to oune second. As
will be neen, this eriterion had to be relaxed romewhat for stability
reasons., For the pilot leud to be one gecond, the controlled element
was required to have a factor of s+ 1 in the denominator, at the cross~
over frequency. Assuming that the cnntrolled element can be configured
to

K

Y ™ -_-l——-
s(n+l) (28)

then the pllot deseribing function would be

Y, =K, ot (g41) (29)

{n the aroanover reglon., 'The pitlol'e lag term wan ot presonted in
aguation (29) bevauwe 1t was masumed that the ldeal controlled olement
would have no lead taerm in the numerator, Thie lead term ls the usual
vauge of the pllot's mdopting a lag., For a vontrolled elemont of the
furm of equation (20), the value of the pilot's pure time-deluy with
rero input (10) in approximetely 0.33 weoond (Ref. 13), (Other valuews
of time-delay, ranging from 0.16 pecond to 0,50 second, were found in
the literature.) The objective of the vontrol wystem design, then,
wan 1o olovely approximate Ku/u(a+ 1) in Lhe orossover region.

The firat atep in the vlusaicul control theory design procedure
wvap to ohange the oontrulled element intu & fesdtinok vontrul system.

From & atudy of tha orlginal system, it wawn detwrmined that the

08
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(- quantities available for feedback were the heading and the heading
rate. The heading rate was casier tn detect by using an available
plece of alrcraft hardware, the yaw rate gyro. With the yaw rate
(heading rate) fed back to the input of the engines, the sccond atep
conainted of inserting a cascade compensator into the plant ahead of
the engines. The reauliing block diagrem for the controlled systom
le seen ia Fig. 12.

Design Method
The block diagram of Fig. 12 shows s block contuining a 1/s (an

integrator) outside of the control loop. This integrator contributes
the ¥ term in the denominator of equation {20), the desired transfer

funetion of the controlled element., Thum, the oblective in designing
the compunsation control loop (CCL) wam to make it assume the clomed

loop transfer function

K
Yooy * i
C(;L . *1 (3‘})

The method for the derign of the compenmalor for the featlack
control aystem came from referanve 22. The principle war to equeline
the aystem us {1 the timeedelay waa not there and thun Lo compenuate
for the time=delay. The time-delay was reduced by mdding lend coftiw
peneation to the pyatem, with the werams of the lend vompensator oute
alde of the syantem handpass,

The first step taken was to draw the Root Loous of the OCL with

yav rate feedbaock mud no ourpenuation added, In Appendin A, an

explanation ip given of how to draw the Hoot Loous for a feedbaok

(:: control system with tine-delay. 'The Root Loous plote for values of
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(* T, equal to 0.2, 0.4, 0.6, 0.8, and 1.0 seconds can be seen in Figures

P.l through B,5 in Appendix B, From the plots, it could be eeen that
it was impossible to select a gain which would put one dominant root
at -1, If une root was put at -1, then another root would be more
dominant and almost at the origin.

, Therefore, the first procedure in the desig: was to reconfigure

the Root Locus so that one root could be selected at =1 and the other

roots would be leass dominant. Thiu was done with a compensator of the

form

LA
Go = Ky '?“‘- +m,1.1..u’1) (31)

vhare KA was the anplifieatvion factor and the pole was choren t¢ be

ten times the woro for mathematical simplicity. The Ruot Locus plota
for the sysimm with this lead vompenmator added, for the various values
E of T4y Bre deawn in Pigures B,6 through B.10 in Appendix B,  From each
of these plote, 1t wan pousible to selwot one root at -1, with the
other rools belng leas dominaut, For the L 1,0 wegond onse, the

sooond root was very close to the first at =1, but this was ocorrected

in the sevond Jdeaigh step,

™e neoond atep, dorigning & multi=order lead compensatur to re-
duce the pure Llime=delny of the snglne response, wan more diffioult
Lhan the firat,. The Lrausfer funotion for the ocompensator, called the

Lime delay vumpensator (IDC) vas

+ n
Uy * Kyne é- : 'd (19)

1




where KTDC vas the gain conatant, n was the order (number of poles

and zeros), and % and p were the approximate locations of the teros

and poles, respectively. Each pole was set equal to ten times the zero
to keep its effect negligible. A pole was used with each zero in order
to keep the system realizauble. The phane lead contribution of the
compensator was approximntely n tan-l -%— and this phuase angle had

to compensate for the phadse lag of the engine time-delny. The two

vere set equal at the crossover fregquency to yleld

f

%

|

{

! w

‘,ﬁ . ul -1

- n tan (I) . w,T, (33)
3

!

g with the restriction that the sero(s) should lie outaide of the cross=
f

{

over frequency. Reference 27 wuggests a limit on the number (n) of

veros to keep the amplitude reaponse of the wysteom renpootably low for

o T

( higher frequencies, The number of werow wne net at two 1u this case

beoaune tho aymtem had two poles near the lower frequencies of luterast,

Bty uning the value of 0,33 second for the pllot's geru lupul Lime-delny
and aesuming that the englne (ime-deiny would bo reduced to sero, the
arossover frequency found from equatlon (#h) was W16 radiane per neo=
ond. Uslng this value for the orossover frequency in equation (33),
and by petiing n equal tov two, the approximate loostions of the poles

whd meros were found, AW Lhe value of 1“ fnoreaded, {1 was asaimed

Lhuto the vrowsuver freguenvy would deoreuse becoause of {pablllty to
eliminate ull of the phnde lag due ton L The apsumed valuesa of orogis
uver fraguency, oprder of the vompaneator, and selsoted jocatlone of

the poles and werom for the five ' values ocan be seen Ih Table 1, As

oan be seen, {4 was neoesmary to decresse Lhe orospover I'reguenvy Lo tLhe

1

O I P PR S



a TUUem/eR/vSy

;
E ( Table I
? Time Delay Compensntor Parameter Values
ti\\\\\E:::Teter
T Arsumed w Zeros Polesn
a c
0.2 W16 9.2 92.0
9.3 93.0
0.4 2.3 h.5 4%.0
4.6 46.0
. 0.6 2.1 2.8 28.0
\ 2.9 29.0
]
0.8 1.7 2.0 20.0
2.1 21.0
1.0 1.5 1.6 16.0
1.7 LT ¢
3 minimum weeptable ae the value of (" Inoreaned, to keop » lnrger
g
. ( than Wy

With Lhe entire vompeannt fon myalem desipned, oxvepl for the

wnpllflor gaineg, Lhe nert step wap Lo draw Lhe Root Louour plote for
eavh pyatem wo Lhab the senmltlvity, or open loop galn, could be

aelaoted, 'The Hoot Loous plote for the flve systemnn are drawn in

e et

Flgarer W11 burough NS dn Appendin B From thess, the mensitivity

that. caused Lhe porltion of the domtnant rool Lo be al =1 was asleoted,

This menaitivity, K, 1o avtattly the produet KAK (0.00l04), Ualng

e
thile menrftivity, s oloped foep Bode plot of Ahe OCL wan drawn, Thie
wvag oamprred Lo the Rode plol of & tranufer fanotion sgual Lo Trl+.l/
Wlu+ Poto determineg Lhe wmount of tosd and bag Ghinte Lhe pllol would

i

e Lo generale to compenuate fop the syatemn, Flaally, the tutal ]

uyutom wap ohwoked for atabllity by wdding the f'reguenny response

U




curvea of the pllot model, the CCL, and iho integrator. In two cases,
for Ta equal to 0.8 end 1.0, it wus necesamary to lower the sensitivity
ol the CCL to make the total system stable, 8ince each of the values
of engine time delay required a different design analysis, they will
be dlacussed gseparately.

The CCL c¢loused luop Bode plot for Ta equal to 0.2 second is aeen
in Pig. 13. The gain used wae 10168,20 because thaut gain ceused the

dominant root to lie at -«1. Ths log magnitude plot closaly resembles

TAU(R)=0.2,CONTROLLED SYSTEM

M, 2-0.0424 0B & ANOLE
v, #0, 1000 ~aMAONITUDE

; ;
; S, q,.._§¢a

0 R T I NI T Y LA B e i B AR YL
FREQUENCY N

[ il AL & N . TN VIGE 6 BN | D 1R MRS TERONERD D v el

Mg, }¢ Mosed Loop Bode Plot of 200, Ta " O B Neound

(Wroken 1ine in egquivilent Lraneter funotion log
magh $ e )

U




e et mam b attmienk £ P Scrikl M

U/ i/ (4=D4 - R T BT ,

a plot of the transfer function 1/s+1, which is dravn as a broken line
in Flg. 13. The two log mapnitude curves are similar up to w ; 4.0.
Bince the pllot attempts to cancel the dynamics of the CCL in the
ernssover region, his transfer function ia

Y, * K, o~ 8%e (g4) (3k)

which is exactly as deaired. The pilot gain (KP) is the gain needed
to ralue the Lotal aystem open loop log mmgnitude ourve gso that it

arossny the wero db line abt the crogsover frequency. The oroasover

frequarcy was found from the condition for neutrsl stablility with sero
tnput, AL the crosrover frequency of w = 3.6, the pilot's phane angle
(npsuming the vero inpat pilot time-deiny was 0.33 second) was %%, the

CULophase angle wen 94", nod Lhe [ntegrator plhinpe angle war «90%,  ‘The

pliot s gain was pet syual to the oroppover fraguenvy o thiax and the
ol Towing vanes,

The CUL olosed Tocp Bode plob tor (P 0 wecoud 1 ween in
Flge the The galn used was 1005.0% and Ghild caueed Che domiuant ooy
Lo lie al =1, ‘The lug magnitude plot olose y veaenbles w plot of the

tranefer funetion O, 33 uel/udl o wiidoh te diawi ag & broken Jine in

. Iy
Flg, the The Lwo Tog magilbude ourves sre sladiar up to w » 1,0, :
Phe phlot's teaneter fonobion o While uase |a
g -"1“ mnn-'l-w-
Yoo Mo 0 EeR ()
Tho pllol now Las Lo generate s lag of 0003 sevond 1o sddition to &

lend of one weound,  Vhe vpaedover fraguency was Fourd Lo be J0M radinte
vepr wecond, AL Lhila frequency, fne pllob's phude mogle wen =1%Y, the
O0L phene Bugls war ~T5% 0 and Loe integrat o phEne angle wae -90%,

b))
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- 8.9

TAU(A)=0,4, CONTROLLED SYSTEM

M, 2-0.0388 08 e 20NOLE
v,y 20,1000 -sHRAGNT TUDE

:\

BN} OB
-~ -z% ©.08 2.00

-5 0

10 ' R EERATL ' R ERARALE
FREQUENCY W

Fig, 1h Closed Loop bode Plat of 001, Y * 004 Beoond

(Mroken Line s equivalent trsnsfer funetion
Lug wagnitude)

Hhe G o loswd Yoap Bode plob for " 0.6 weoond 1a seen in
Flg, 1% The galu uaed 1u thin vaee was 1006.6%, vaualng the duminane
root to lle abt =1, 'hiie lug megnitude plot renembles a plot of the
, tranufer Cunatlon 0.67atl/a+l, whioh 18 drawn as & broken Yne fn

Fig, b, up to w . 2.1, The pliot's tranufer funvtlon for this onse ia
l-.‘ ”" ) "“L'
(. X Y‘| - KP ] ® ﬁ'%ﬁr. +T (36)
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QE/ER/TU=31
TAUCA)=0.6,CONTROLLED SYSTEM
Mys11.3729 DB ¢ SRNOLE
3 vy =4, 8000 ~aMAONITUDE g

Y

—4.08

:o-k RN EE AT K} £ai"Hw:§'
FREQUENCY N

Fig, 1% Cloked Loop Bude Plot of CCL, 1,4 = 0.6 Becond

(Moken Vine 1s equivalent trausfer funotion
Tog magnitude)

M™e pilot now has to generate & Tend of one second wnd & lag of 0,67
sevond,  The orossover frequesioy and pllot gain were found vwo be 2,0
radiang per second, AL Whip frequency, the pllot's phase angle wam
~28%, the (1 phase angle wam =627, and the integrator phawe ungle
vaa ~90%,

The C0L olosed loop Bode plul for 1. = 0.8 wecond {s neen in

(1
Fig, 16, The gein used wae 749, hh and was the gain required to pimce

LY}




TAUCR)=0.8, CONTROLLED SYSTEM

M, =7.8857 08 ¢ ZANGLE
8 v, #3,8000 -aMRGNITUDE
o a
= (-]
8
o
8
.
Sy
b
e
]
f

-12.00 -5.08

10" ! RN RERRTN ¢ RN ENER
: FREQUENCY W

Fig, 16 Closed Loop Bode Plot of CCL, T, * 0.8 Geoond

(Broken line is equivalent transfer function
log magnitude)

the dominant root at =-0.6. A higher value of gain cauned the systen

to be unstable by giving it a negative gain margin, so it was decided

to require the pilot to generate a little more lead. With the gair
value used, the gain margin was 1,13 db et 1.9 radiana per aeoond,

wvith the pilot time-delay set at 0.2 second as explained in Chapter VI,
The log magnitude plot olomely resenbleas a plot of the transfer function
@+1/1,67u+l, which is drawn as a broken line in the figure, up to

L]
w= 1,8, The pilot's transfer funotion is now

38




-81, 1.678+1
YprKpe ° TN (37)

The increase in the pllot lead over the three previous cases was
undecirable, but should not seriously degrade the pilot rating, and
is still a significant improvement over the uncompensated myi-tem,
The crossover frequency was found to be 1.7 radleng per second, whers
the pilot's phase angle was -20°, the CCL phase angle wa' =70°, and
the integrator phase angle was -90°,

The CCL closed loop Bode plot for Ty ™ 1.0 second is meen in
Fig. 17. The gain used was 476.74, because higher values of gain caused
instebllity in the system by causing the gain margin to be negative.
With the value of gain used the gain margin was 0.30 db at w = 1.7
radiane per second and the dominant root wus positioned at -0.5, The
log magnitude plot closely resembles a plot of the transfer function
0.98+1/2a+1, vhich is drawn as a broken line in Fig. 17, up to w - 1.5,

The pilot's tranafer function is now

-81 e+l
Yo=K e "¢ Tosel (38)

The pilot is required to generate a lead of two seconds. whioh is
undesirable, but the lead cannot be reduced if the system is to remain
stable. The amount of lead required mhould not he a problem to the
pllot and is still an improvement over the uncompensatod system. The
crogsover frequency was found to be 1.5 radians per second, whers the
pilot's phase ungle was -10°, the CCL phase angle was -80°, and the

integratur phase angle was -90°,

39
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TAUCR)=1,0, CONTROLLED 8SYSTEM

E My=18,6344 DB ¢ =ANOLE
; B w, ¥9.0000 ~aMAONI TUDE 8
E (H
‘ 8
§ d 8
- -]
¥ g
] U
_ 5
h o »
i °g
9] *
E

G:W
ANGLE(N}

-3. 00

L

—
— - —

-10. 00

100.00 ~51.80 ~£0.00 ~4i. 80

0 KR EEERTE ¢ 3 4 867230 )
FREQUENCY W ‘

[ 4

Fig. 1T Closed Loop Bode Plot of CCL, T, " 1.0 Second

(Broken line is equivalent trensfer tunction
log magnitude)

A summary of the data discussed in all five cases is prerented
in Table II. As the engine time~delay was increased, the system

performance could not be kept as high as desirable, but it wes still

& greoat improvement over the system without the compensator added.

The improvement was mainly becauce the pilot had only to generete a

PV S L

small amount of lead rather than an acceleration form of dynamics.

ko !
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Table II

; Required Pilot Pnrameters for the Compensnted OSyastems

Pllot
I'arameter
{ Ta ~ Kp L Tr
L
: 0.2 3.60 1.00 0,00 i
0.k 2.2% 1.00 0.33
0.6 2,00 1,00 0.67
i 0.8 1.70 1.67 1.00
‘ 1.0 1.50 2.00 0.90
" E
E ;
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VI, pimylntion and Rosulte

Bimulntion

The simulatlion was acoomplished by using the CLC CYRER/TW digital
vomputer nt the Alr Force Tnstitute of Teohnology, Wright-Patteraon
ATB, Ohin, and the MIMIC programming language written by Me. ¥, J,
Bansom and Mr, H. F, Peterson at Wright«Pntterson AFB, Ohio., A
revislon Lo the origlnal program vas made by Prof, O, W. Richard of
the Mathemuaticw Department at AFIT, whioh enables one to obtain plots
of the computed data., MIMIC 18 u programming teohnique by which
analog type nimulations car be performed on Lhe digitsl computer,
using u fourth order Runge~Kutin integration routine. "The step sise
can be left Lo vary so that the local relmtive error io kept balow
5 x 10°0, or it onn be bounded by DTMAX and DTMIN, Each MIMIC program
allows the ume of up to five uker written subroutines, written in
Fortran languuge. Thin feature was very useful ss the time delay
function in ths MIMIC language used an excessive amount of central
precessor time, which caused the program to run for about elght tlmos
the amount of time that the usystem wonld be actually operating. A
tine delay nubvroutine was written in Fortran languege, specifically
for thio simulation, whei~ the Integration step size wou fixed, and
the program van for about one third of the actuul system oparation
time., The result was a considerable savings in time and money.

1wo separate MIMIC programi were written, one for the uncompen-
sated system, and one for the compensated system. Thase programs
can be #een in Appendix C and an explanation of the programming

technique can be seen in Ref. 3.

ke
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Wind Quat Bimuimtion. The represontation for the wind was

praviounly desoribed as a dband limited white nodse. This nolse wae

gimuilated in the program by pansing a train of pulses, vhose width

, was 0,2 mecond, through a {irst order filter, The amplitude .f the

' puleea wan a gausnian diptributed random varinble, ohtained from tLhe
) . noraal random number genermter in the MIMIC program., 'his generator
was called every 0.2 seuond, cauning the pulme amplitude to ohilige
at 0.2 wegond intervala., The method of representing a band limited
white nolue by a pulse train is densrided in Appendix D, The dntm=
gration step nide was set al 0,01 second me a vumpromise bHotwren
computntion time and acouracy and, thevefore, Hhmnnon's Saupling
§ Theovam (Ref, 9) wam satislied, This theoran statan that the sampling

frequenvy should be ut least twioe the pulme fregueney in an Informnee

?! ( tion system. The pulses were passed through a firet order fllter o
» make certain that the pover spectral density (P8D) had s Lundwidth

of one radian per mecond. If B(in) {s the PAD of the input tn the

filter und B(out) im the nutput PAD, then according to Ref. 11,

Blout) = |H(Jw)| 2 &(in) (%9) i

where H(Jw) is the uystem tranafer funotion. A {ilter with the trans=
fer funotion 1.54/Jw+l.5h mttenuates the PED by three AL ot w = 1.0, i
so the bandwidth of ths filter is one radimn per secund.

Pilot Bimulation. The pilot model used was the simple Crossover
Model with no low frequency phase data torms o1’ neuromuscular terms,

us explained in Chapter VII. The croseover fraquency and the resulting

b3
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pilot gain wers caloulated from the neutral mtability eriterion, using

the gero tnput pliov tiwme delay. Avcording Lo the litepatura, the

; phane margin thiat ocours in Lhe use of the Croanover Modol results

| from a decreane fn the prlot tlwe-=delny, The only analytical menns
found to reduee thia wan by equation (20), whers Lhe Limeedelny

2_ dearemse wan due to the forving funetion bandwidth, In this cuse, the

g buhdvidth of the diaturbance waw too small (about V. & radiau per

spoond) to have any effeot on the pllut time=delay., Howaver, the

delay could algo gn reduced by such intanglbles as motivation, traine

' fug, ang nkill, For purporeas of the nimulation, it waa asmumed that,

for the unvompensated wywtem, the pilot Limeedelny would he reduced

from 0.8 amevund tu 0,0 nevond, and for the compennated system, rrom

0,33 deoond Lo 0.2 pevond, These values are vomparalile to values of
( Limeedalay found by experiment {n Heferences 13 and 16,
Prrer Auslysis, 'fhe opsration of Lhe aystem wan annlyred Ly
computlng the mean sguare srror as defined in Hat', 20, If o in the
Al frerenve batvesn Lhe vutvut and the Input In a uontrel) sydstenm,

the moan suare orror oan be det'lned ns

— m
e [T o (ko)
J o

where ' e the elupsed Lime, This computution was performed as part

of the MIMIC progran, Ten runs weve made for eaoh value of ougine
tlime~delny, eanch run having a ditiverent rundom nolme input, and the

rutns were made for both the uncompensated and the oompensated systems, |

The sverage of the moan square arror was oaleulated for each wat of

ten runms 80 that a wide etatlstical spread would be obtained,

LYy
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muation Repulty

Twe main reaults were obtuined from the simulation, Plote were
drawn of' tho input headlng dipturbance and output heading versus time
fur both the uneompennnted nnd the compennnted syntem, at cach value
of engine time«deluny. On each of Lhe ten plots, shown in Figures 18
through 2T, the lnput and output angloes are noaled on the y-axisa and
time je soaled on the x=nxis, The corresponding uncompensated and
vempenaated nystem responde plots for each value of engine time-delay
#how that the plilot model can fullow the {nput disturbance more
vlodely with Lhe vompensntor added. An explanation of the evident
veaillation of tno output {m presentied in Chapter VII, The plots
ware all drawn for the mawne random Iinput heading disturbanca,

The weoond result oblained wanm the osollection and averaging of
the mean sguare error datm, len ranw, each with a di{fferent random
input, werae made for each system ut emch value of engine time-delay.
The mean uguare error at 100 seoconds wam averaged over the ten runs
for each case wo that the uncompensated and compensated syatems oould
be compared, The tabulation of the average mean aquare errors of the
100 secvond runs is seen in Table III, In all cames, the average
mean #quare error for the compensated system was decreased by about

10% of the uncompensated system value.
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Table III

Average Mean Squarg Error Results

(A1l values x 107 radiansa)

ﬂh:h~.““-fzftem Uncompensated Compensated
a
0.2 15.8602 2.6729
0.4 24,6697 T.3306
0.6 36.8200 9.8878
0.8 55,3387 15.hh91
1.0 78,2099 27,6443
56
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VII. Conclusions and Recommendations

Conclusnions !

Control Bystems have been designed to improve the heading response
of the taxiing ACLE alrvecruft to pllot input of differential thrust for
five different values of engine time~-delay, These denigns were based
on the Crorsover Mcdel for the pilot and were teated by using the aame
model, so they are dependant on the model's accuracy. However, the
Crossover Model haw bveen in use for almost ten years and nothing was
found in the literature to diapute it.

In the graphs showing the simulation input and output versus
time, somm high frequency oscillation is evident. This oscillation,
it is believed, would be eliminated by a human pilot due to the high
frequency filtering action of his neuromuscular reactions. This
filtering is modeled by the neuromuscular terms in equation (19),

which were not used In this project. The use of the neuromuscular

terms requires an in depth study of physioclogy, and that wams considered }
beyond the scope of this thesin., However, avccording to Ref. 13, the
neuromuscular frequencies are usually in the region of from 10 to 15
radians per second.

The avel'age mean square arror valuee are all reduced by about

70% with the addition of the compensator. The average mean aquare

error for the compensuted system with an engine time-delay of 0.8
second is mbout the same as the error for the uncompensated system 1

with a time~delay of 0.2 second, Bimilarly, the error for the com=

pensated system with a delay of one second cumpures with that of the i
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uncompensated system with & delay of 0.4 pecond. Whether the compen=
gated system mean square errors are sinnll enough can only be determined
by experiments with human pillota.

Even without the improvement in average mean square error, sub-
Jeetlively spenking, a great improvement has been obtolned, With the
unnompensated system, the pllot had to genearate an acceleration term
{n the crossover reglon in order to sutisfy the Crossoveyr Model. That

is, the pllot model had to become

Yp = K, e~®e g(m+1.111) (41)

which s very difficult for the human pilot and leads to a high pilot
opinion rating, which 1is unfavorable, and a large pllot time-delay.
The compensator allowed the pllot to adopt the form of a simple first
order lead with a time conatant of from one to two seconds, depending
on the engine time=-delay. Thie rasults in a low pilot opinion rating,
whiiech 1 an indication of good handling qualitien, and a small pilot

time-delay (ahout 0.2 second).

Recommendations

An experiment uoing the anslog computer and a vinual dlaeplay
thould be set up so that the control deaslgn can be tested with human
pllote in the loop. This would check the accuracy of the pllot model
used and would reveal what improvement is possible with the control
systems that have been designed.

When attempting to model the alreraft englnes, a need was found

for information on dynamic modeling of aircraft engines of various
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(” types. An excollent subject for a research topic would be the dynamic
modeling of both turboprop and turbojet enginea,
The possibility exists that the ACLS will be installed on aire
craft with more than two engines in the future, A study could be
3 performed on the bont method of differential thrust control for thone
type of aireraft., For example, it may be better to use only the two

outboard engines or the two inboard engines rather than all of thenm,
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Root Locue Plots for Control Hystemn with Time-Lag

An eatentinl puart of the desipgn wau the une of root loocus plots
of cortrol aystemn with timesinpg, 'These plots cnn be eanfly obhtalned
I . from the ROOTL program in the library of AFPITPROGRAMB on the CDC
CYBER/T4 digitnl computer at AFIT, The principle behind plotting
! the roet lovus for control systems with time-lag was found in Ref, L,
If G(n) is the open loop tranmfer function for a control systom,
then Lho raot locus la obtalned from the characteristlic equation,

vhich is

r | G(s) # =1 (A=1)

(A Thiu complex equation muy be aplit In two parts so that the magnitude

of ((n) im equul to one and the angle of 4{n) ia equal to t180 degrees

& (for the prineiple plane). The root locus is a plot of the angle
condition and thn gain values on the locus are found from the magni=-
tude condition.

If the open loop transfer function has a timee-lag eoqual to T,

then the characterintle cquetion in

Gla) o~ m o1 (A=2)

Now, the angle conditlion becomes

é.a(l)"'WT = tnf » ns]l, 2. 3. ) (A-3)
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In ordor Lo draw the root locus, a fumily of root leei are diawn
for varioun anglen of G{a) and a second famlly is drawn on the same
p=plane of varlous angles of «wl. ''he loci for angles of G(e) are
difficult to construct, but the loct for -w'l' angles aro simply
hordvontal Huaeny oromdyyn the Jw nxdn ot plpght angles,  Tolntr are
now plotted of the intersection of the two fumilies of lool where
the intersscting Yool values total $180 degrees. When the pointa
ure all Jolued, the result 1s the root loous for the time-lag syatem,
The gain values can be determined from the magnitude condition as

in the cuse without time=lag, The megnltude equation bhecomen

-l (Amk)

\G(n) o~

When n vontrol system hna n time-lag, there are an infinite
nunber of rooles of tho characteriutic equatlon, The root locus
contains wn infinite number of branches when the p=plane {s extended
to Infinity. 'This results from the repetition of the angle lool
of =wT in the above construction procedure, The infinite number of
branches lie in horizontal bands as seen on the root locl in Appendix

B, When the time-lag increames, the bandes become closer together,
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Fig. B.1 Root Locum Plot for Yuw Rate Feedback, Ty ™ 0.2 Becond
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Fig. B.2 Root Locus Plot for Yaw Rate Feedback, 1, « 0.4 Second
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f SEEMIMIC SOURCE=LANGUAGE FANGRAM® W
, (¢ ILIST
: .
! .
: « UNCOMPENSATLY SYSTEM
[ ]
« CONSTANTS
[ ]

CON(OAMP 4 START)

CROSSOVER PARAMLTERS

PAR (WG, TAUL,TAUE)
)
3
s HIADING DISTURDANCE MODEL
3 [ ]
1 .
| . PULSE GINERATOP (RFSETS Thi BULSE AMPLITUDE TO
; o A NEW GAUSSIAN NUM9SR [ V.RY «2 SCOOND
[ ]
1 FAKE = SRG(START)
‘ DEL - SRL(T)
; YES  + FSW(OEL,FALSEN TRUF ,FALSE)
% Y& S PULSE 2 ING(0ep23.t8)

FILTER TO SINMULATE WIND CUYOFF
AT 1 RAD/S:IC ON POWER £R. CTRAL DONSITY

WIND = OINT (154" (PULSE=HIND) T0)
ATRCRAFT TRAHNYTE? FUNCTION = HEADING/ZWIND

QISTD & INT(DAMP*VINNe,07eB*0IS5TU=e056%0T0T,04)
OIST & INT(OISTO,. )

®
1}
« CAOSSOVIR MODEL
[ ]
ERROF = NIST-PSI g
ERRURY & WO¥INT(2ws0Ry04)
TAU B TAUASTAUL
PS1 & 3R2(FRADF L, TAU)
[ ]
. .
» AVERAGY MEAM SQUARLD ESROK ANALYSIS ,
[ ]
[ ]

i - SERROM & INT(!RROR®, RFOF ¢04) ;
( MSERK = “ERROR/T ‘
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Y e v ey
pask
P

GE/EE/Th<51
v .
{ + FINISH
! »
FIN(T,100.) 1
[ ] "‘
« PRINT INTERVAL 4
- .
ot a .4 "
« INTEGRATION STEP SIZE :
L ] -y
OTMIN = .01 4
. OTMAX = OTMIN ]
. .
. OUTPUT |
1 ;‘.
HOR(TIME , PULSE, DIST, PSI,SRRORyMSERR) %
QUT(T,PULSE,DIST,PS],ERRAR ¢ HSERR) g
. ¢
. {
« PLOTTING INFORMATION ?
: "o
l EPLOT ONLIME(SO) )
PLO(T,DIST,FSI)
SCA(1aye03.744007)
( ZER(C 950 .9504) !
. TTX(TIME IN SCCONDS) !
TTY(ANGLE IN RADIANS) ;
OPT(1+4409%,910p2eriestia) |
‘
L ]
|

« END
END
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i
FUNMTION SR1(A)
FUNCTICH SURPROGRAM SETS SRY EQUAL TO ZERO

WHEN SUTROUTINE FIRST CALLED ON A TIME EQUAL TO
A MULTIPLE OF 0.2 SECONDS

10

1%

20

10

15

20

%

30

LI B R %

s &

FUNCTICN TO DELAY XIN (TOTAL TIMF DELAY)

100
101

10

20

COMMODN/SHITCH/ZIOUT, IPAR, DUMMY (17)
IF(IPARWHN{.1) G0 TO 1

L=0

CONTINUE

SR1210,
IFA=ColLTe0+001+ANDJL+NEJO)RETURN
XxA/o2+400014

NX =X

¥ = X=NX

IF(Y.LEs0,0001) SR1imQ,

=1

C=A

RE TURN

END

FUNCTION SR2(XIN,DELAY)

DIMENSION XSTCRtG4LO)

COMION/SWITCH/IOUT, IPAR, DUMMY (17)

INTEGER OUT

LOGTCAL TEST

IF (IPARJNE. 1) GO TO 401

INZQ

oUT=0

TEST=,FALSE,

NO1GO I=i,640

XSTOR(I) =0, 0

CONTINUE

IF(IOUT.ENe1) TESTu, TRUE,

IF (TESTYA0,1

NUM=&4ON* (CELAY+400004)

SR2:0,0

RE TURN

CONTINUE

IF(IOUT.EQs1) GO TO 20

INsIN+d ' ‘

IN1s IN \”
I
!
I

SR2zXSTOR(IN1)
QU Ts NUM=IN14
IF(NUTWEQ.0)INeD
XGTOR(INL)Y=XIN
RETURN

END
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\ FUNCTION SRSUA)
L 3
.
s FUNCTION T INITIALIZI GAUSSIAN 7i3TR1BUTION
s »
»
OATS NZOZ
IF(MJME« Q)0 TO 4
CALL RANSET (A)
10 1 N=i
\ - SPie0,
RETURN
END .
1
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& . MEMIMIC SOURCE=LANGUAGE PrOGRAMSse
b ( LLIST

COMPENSATED SYST'M

CONSTANTS

GON (DAMP 4 START)
'« PILOT PARAMITERS

PA® (KSUBF,TAUE, TSURL , TSUST)
« AIRCRAFT AND COMPENSATOR PARAMETRS

[ ]
1 PAR(KyTAULyZLyP1,72yP2)
. »
¢ [ ]
! o HEADING OISTURBAMNGCI MODEL
i .
[ ]
1 o PULSZ GENERATOR (RESETS TH® PULSL A“PLITUDE TO
« A NEW GAUSSIAMN NUMIER £V RY .2 SECOND
]
¢ FAKE & SRG(START)
‘ OEL * SRL(T)
YZs 8 FRW(DEL,FALSEy TRUN,FALSE)
YES . PULSC = ANG(Dsy23.:t8)
[ ]
o FILTER TO SIMULATE WIND CUVOFF
« AT 1 RAD/S.C ON POWER Sr-CTRAL OCNSITY |
. f

WINO ® OINT(1e5U2(FULSFHeRIND)§I)
o AIRCRAFT THANSFER FUMCTION = HEAOQING/ZWIND
DISTD & INT(DAMPAUIND=qC7OR*DNISTO=oJ2B6*NTST) (W)
DISY m INTIOISTD )
ACLS INNZR LOOP MODEL

PILOT O3SERVCS H.ADING ANC DISTURRANCE

. PILOTI = JIST-PS]
CROSSOVER PILOT HOOCL (YP)

KSUBP IS THL PILUT GAIN

PILL = KSUDBP*PILOTI
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L}
- o PILOT NDYNAMICS
( o (IF TSUBI IS 04, THEN PIL2=T UBL¥DER(T,PILL,0.,)+PILY
L
LAG 2 14./TSUNI
NOLAG FSW(TSUAT yFALSE  TRUE ,FALSE)
YESLAG HOT(NOLAG)

HOLAG PILZ
YESLAG PIL2

TSUSL*IER(T,PILL,04) +PTILYL
LAGY (TSUPL*PILL+INT(FILL=-PIL2,yNs)})

PILOT TIME DELAY

* &

PILOTO = SR2(PIL2,TAUE)
o« YAH RATE FECORACK

PLAY s PILOTO=-PSID
COMPENSATOR
COMPENSATION CCNTROL LOOF SENSITIVITYsK

PLA2 " K*PLAL
o LEAD CQOMPEHSATOR S+Z21/5+P1

PLAZ ® DLA4TNT(71*PLAZ2=PI*PLAL,N,)
o« LEAD COMPENSATOR S+22/S+P2

PLA 2= PLASSINT(22%PLAJ=P2%PLAyN)

LEAD COMPENSATOR,(Sels1111)/7(S+41.111) CHANGHS
ENGINI DEHNOMINATOR FROM (5+1.1111) TO (S+i1.111)

ENGINE DYNAMICS

NT ® INT(PLA=41. L111%NY,0,.)

o« ENGINE TIME OELAY
N = SRI(NT,TAUA)

o AIRCRAFT DYNAMICS

PSIO 2 INT(NyO,)
PSl 8 INT(PSIDyU.)

AVERAGE MEAN SQUARED ERROR ANALYSIS

ERROR = INT(RILOTI*PILOTI,04)
MSERR » ERROR/T
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¢« FINISH
FINC(T,10C )
o PRINT INTCRVAL
or LN
« INTEGRATION STCZP SIZE

DTMIN = ,01
DTMAX = DTMIN

» QUTPUT ‘

.
HDR({TIME 4 PULSE,DIST,PSTI,PSIN,MSERR)
OUT(TyPULSE +DISTWPST;PLL0yMSIRR)

’

[ ]

o« PLOTTING INFORMATION

'

[ ]

tPLOT ONLINE(SC)

PLO(THNIST,PSI)
ZER(DeyB0.9504)
SCA(LegalC?y.007)
TTX(TIME IN SECOMOS)

. TTYC(AMGLE TN RAQIANS)
OPT({Llebgl. plap249plegds)

.
v END
END
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L 3R K SR I 4

FUNCTION SRILA)

FUNCTION SUNPROGRAM SITS SFRL FOUAL TO Z7ZRD
WHEN SUTROUTINE FIRST CALLFOD ON A TIME SQUAL TO
A MULTIFLE OF 0.2 52CONNS

COMMON/ZSHITON/TOUT, IPAR, DUHUMY (L 7)
IFOPAR W NEaY GO TO 1
Lsl
1 CONTINUF
SRi= 40,
IFIA=CyLTo 0,001 AND WL JHEs YFRETUYRN
XulA/ 24,0001
NXseX
Y = X« NX
IF(YJLE«Q40001) SR4iwg,
L=y
C=A
RETURH
END

FUNGCTION SRZ(XIN,OELAY)

FUNCTION TO DELAY XIN (PILOT TIMEZ DELAY)

OTH . HMEION XSTOR(135)
COMMON/ZEHITCHZTIOUT, IPARy DUMNMY (LT)
INTUGER QUT
LOGICAL TEST
IF(TPARGNE,L)G0 TO 101
INsD
OUTa(
TEST=, FALSE,
DOL"0 Im=i,138

100 XSTOR(I) =0, 0

104 CONTINUE
IFCIOUT ZN, 1) TEST=, TRUE,
IF (TFEST) 10,1

4 NUMzLnO®* (DELAY+,0:001)
SR23C,e0
RETURN

10 CONTINUE
IF(IO0UT.EN, 1) GO TO 20
IN®=INe}
INtIsIN
SR2=XSTAR(INL)
OUTsNUM= IN1
IF(OUT.FQ,C)INmQ

20 XSTOR(INL)=XIN
RETURN
END
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DR i B s M ™

'a FUNCTION SRI(XIH,DELAY)

I e Sanadii o

FUNCTIOH TO JELAY XIN (ENSINE TIM:Z OELAY)

L 3K B B I J

DIMTNISTON XSTOR(4N0)
COMMON/ZSHITCH/ZIDUT,IPAR,DUMMY (LT)
INTGIR QUT
10 LOGIGCAL TESY
IFIIPARVNZLL)GO TO 131
' INaQ
OUTw=0
TESTw,FALSE,
18 DOICY Ing,bL00
100 XSTOR(I)w(g, 0
101 COHNTINUE
IF(TOUT,ENL) TEST™,TRUE,
IF (TEST) 10,1
20 1 NUMaLGO*(DELAY+20001)
SR3<0,0
RE TURN
10 CONTINUF
IF(IOUT.EOL1) GO 1O 20
25 TINnIN+L
. INt=IN
3 SPI=XSTOR(INL)
OUTwHUM=TNE
IF(DUTCQC) INeY
30 20 XSTOR(INL)uXIN
RE TURN
END

FUNCTION SRB(A)

» 3
» :
8 FUNCTIOHN TO INITIALIZU GAUSSTIAN NTSYRINUTION ©
] .
»
OATA NZO/
! IFNWHEL QIGO0 1D o
CALL RANSET(A)
10 1 Nwi
~ SR.= D,
RLTURN
END
C B9 ‘




o Appendix D

Pulse Representation of Bund Limited White Noise

Bund limited white nolse has s power spectrul density which im
flat up to the cutoff frequency and then ir zero wt higher frequenciea

av {n Flg, D10 When the mean of the Guunninn dintribution for the

o e beten ot e <+ - e e s i e
N
' B ( ] )
; BO
!
!
| '
! iy - . W
r: < >
‘ b Y
{, I et s e - e o et e
[ ( Fl, D1 Toweyr Hpeclreal Donulty of Band Limlted White Noime
i nolue td voro, the vardnpoe cap be found from Ghe autocorrvelation
! ](D)y whioh 1o vqunl to the nwron under the power wpeosral denslty ourve
b

Trom w e = » Lo w e+ oo divided by ¥8, The followlng equation wxpressen

this {(Ret. 1713300

" -
R(O) » 0f w -:;%‘-- }- Bw)dw (nD=1)
‘ LT ]
where o b Lho vaerlanee of Ghe Gauaslon distelbntion, The value of !

By dn Mo DVU v be oalenlnted from the reletlouship In eguation

\ (Dwl) and in

g w392 (D-2)
L] (&) wb
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The band limited white noise la represented by o series of pulnes,

M“"’“‘"i‘."""“w.— - = H‘
e

whose amplitude ig u Oaupeian diotribution with mean equmnl to zero,
and otundard devintion equnl to ap. and vhose width is T, This pulse
train 18 shown in Fig. D.2. The nutocarrelation of these pulses

uppenrs nn in Plg. D3,

' "
-’[-L- T
Time
L Mg, Do Pulne T'eadn
t ( \
! N R(x)
| o
)
-t € —— 1
Ty 7

Mg, U3 Mtocorrelation of & Pulse Train
The power spectpal density of a process im wiqual to Lhe Fourler

Tranwform of lte sutooorrelation, Thie le exprusued ss

Alw) -f T o R(t)dt (D-3)
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o
j ? Therefore, the rower spectral density of the pulse train is K
T l
B{w) = ‘[“ o~duT oédt 1
-7
!
!
‘ oz Hin T '
| " gopt Un (Deh)
o
‘ which, when plotted, looks llke Plg, DM, Tf the pulse width is

: kept small, the center yart of the curve will be kept flat, The

4
j pulme train cun the- be pasded through u rirst order filter to cut
of f the power spectral density curve beyond the flat portion. The

result 4m a olope wpproximation to the {deal bund limited white noiae.

LTl

B L L PR T D S e A U VPSP,

, 0\ Hw)

: \ i /_ >0 j

Bt vzemam aa s s m 6w | B T I
N3 e YT e it T S e Mo & 0] S i ea TR R ST .5 oW

Mg, D Power fipeotral Dunnity of a Pulse Train
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in 1960 nnd then Intervupted hio educatlon for one year, while working
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of Belence dugree in Electricanl Engineering in 1966, ulong with a
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AMr Force pilot training at Webb AFB, Toxan in 1967, and served for

one year in the fepublic of Vietnam, flying the F=100, He was then
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nelgned Lo IEngland for four years, where he flew the F=-100 and the

V=111 ndreratt,. After returning from ¥ngland, he wan aseigned to the
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